We report two asymmetric ligands for the generation of structural and functional dinuclear metal complexes as phosphoesterase mimics. Two zinc(II) complexes, [Zn 2 
Introduction
In order to generate more structurally comparable biomimetics for dinuclear metallohydrolases much effort has been devoted to the synthesis of asymmetric ligands. It has been proposed that these asymmetric complexes are not only more appropriate functional models for the active site of phosphoesterase enzymes, but also that they exhibit enhanced catalytic rates compared with their symmetric counterparts. [1] [2] [3] Ligands used to generate purple acid phosphatase, 1,4-10 phosphoesterase, 11 urease, 12, 13 catechol oxidase 14 and manganese catalase biomimetics 15, 16 have been reported. Some ligands engender both a hard and a soft coordination site resulting in heterodinuclear complexes as, for example, models for purple acid phosphatase metalloenzymes. 4, 7 In other cases the ligands have a structural variation in one arm 4, 6, 7 whilst in others one donor arm has been omitted, 1, [14] [15] [16] with the vacant coordination site often found to be occupied by water or solvent molecules in the complex. 15, 16 By careful design the asymmetric ligand can offer both differentiated metal binding sites, and/or sites for further synthetic elaboration. For example, an asymmetric Fe(III)Zn(II) purple acid phosphatase (PAP) model complex with potential for immobilisation on 3-aminopropyl silica has been reported. 17 The immobilised complex exhibited reaction rates toward the hydrolysis of BDNPP similar to those found with the free complex; in addition, the immobilised catalyst was reusable. In addition, a PAP model with pendant olefinic arms suitable for copolymerisation and thus incorporation into a polymer has also been reported. 18 Such biomimetics, and ultimately metalloenzymes, immobilised on inorganic solid supports, have the potential for organophosphate pesticide bioremediation. The immobilisation of complexes on inorganic or organic supports has been extensively explored and modified silica, organic resins such as Tentagel or Merrifield resin and other polymers have served previously as supports. 19, 20 Merrifield resin attached complexes have been reported useful for various applications such as Ni(II) catalysed cross coupling reactions, 21 the oxidative DNA cleavage catalysed by an immobilised cyclen Cu(II), 20 Pd(II) catalysed Suzuki-Miyaura cross-coupling reactions, 19 salen Mn(II) complexes for epoxidation reactions, 22 and the Co(II) catalysed polymerisation of vinyl acetate, 23 to list a few examples. The advantage of the immobilised system is that the complex can be easily separated from the reaction mixture and the loaded resin recycled.
We have been interested in the glycerophosphodiesterase enzyme (GpdQ) from Enterobacter aerogenes. GpdQ is a highly promiscuous dinuclear metallohydrolase with respect to both substrate specificity and metal ion composition; in addition, it is particularly robust suggesting that it may be a promising candidate for bioremedial applications. [24] [25] [26] [27] [28] In order to fully study this metalloenzyme we have prepared a number of mimics of its active site structure in order to investigate the mechanism of action with a view to preparing active model systems. 29 In this work we describe the synthesis and characterisation of two asymmetric ligands 2-(((2-methoxyethyl)(pyridin-2-ylmethyl)-amino)methyl)-4-methyl-6-(((pyridin-2-ylmethyl)amino)methyl)-phenol (CH 3 HL4) and 2-(((2-methoxyethyl)(pyridine-2-ylmethyl)-amino)methyl)-4-methyl-6-(((pyridin-2-ylmethyl)(4-vinylbenzyl)-amino)methyl)phenol (CH 3 HL5) (Chart 1) and their respective zinc(II) complexes as structural and functional models for the enzyme GpdQ. The immobilisation of the complex with CH 3 HL4 on Merrifield resin and the activity towards the substrate bis-(2,4-dinitrophenol)phosphate (BDNPP) are reported.
Materials and methods

General methods
1 H NMR spectra were recorded at room temperature with a 300, 400 or 500 MHz Bruker AV 300/400/500 spectrometer. Chemical shifts are reported in δ units relative to CHCl 3 (δ H = 7.24), CD 3 CN (δ H = 1.93). The following abbreviations were used: s = singlet, d = doublet, t = triplet, dd = doublet of doublet, dt = doublet of triplet, m = multiplet. The software used for data processing was TOPSPIN 2.1. 13 C NMR spectra were recorded at room temperature with a 100 MHz Bruker AV 400/500 spectrometer. Chemical shifts are given in δ units relative to CDCl 3 (central line of triplet: δ C = 77.0), d 4 -MeOD (δ C = 49.0), CD 3 CN (δ C = 1.30), D 2 O with 5% dioxane (δ C = 67.2). Twodimensional correlation spectroscopy (COSY), heterobinuclear single quantum correlation (HSQC) and heterobinuclear multiple bond connectivity (HMBC) experiments were used to assign each signal in the spectra of the final ligands. 31 P NMR spectra were recorded at room temperature with 85% phosphoric acid as external standard (δ P = 0.00). Positive-ion electrospray mass spectrometry was carried out with a Q-Star time-of-flight mass spectrometer, and the data were processed with Bruker Compass Data Analysis 4.0 software. FT-Infrared spectroscopy was carried out with a Perkin Elmer FT-IR Spectrometer SPECTRUM 2000 with a Smiths DuraSamplIR II ATR diamond window. Elemental microanalyses (C, H, N) were performed with a Carlo Erba Elemental Analyser, model NA1500, by Mr George Blazak at the University of Queensland. X-ray photoelectron spectroscopy (XPS) was conducted with Dr Barry Wood at the Centre for Microscopy and Microanalysis, University of Queensland, with a Kratos Axis Ultra photoelectron spectrometer which uses Al K α (1253.6 eV) X-rays. The software Casa XPS was used for data processing.
Kinetic studies
Kinetic studies were conducted with bis-(2,4-dinitrophenol)-phosphate (BDNPP) as substrate using a Varian Cary50 Bio UV/ Visible spectrophotometer with a Peltier temperature controller and 10 mm quartz cuvettes. The initial-rate method was employed, and assays were measured such that the initial linear portion of the data was used for analysis. Product formation was determined at 25°C by monitoring the formation of 2,4-dinitrophenol. Throughout the pH range studied (4.75-8.5), the extinction coefficient of this product at 400 nm varies from 7180 at pH 4.5, 10 080 at 5.0; 11 400 at pH 5.5 to 12 000 at 6.0 and 12 100 at pH 6.5-8.5. 30 All assays were measured in 50 : 50 acetonitrile-buffer with the substrate and complex initially dissolved in acetonitrile. The aqueous multicomponent buffer was comprised of 50 mM 2-(N-morpholino)-ethanesulfonic acid (MES), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2-(N-cyclohexylamino)ethane sulfonic acid (CHES) and N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) with controlled ionic strength (LiClO 4 ) 250 mM. The pH values reported are those of the aqueous component; it should however be noted that the pH of a solution of the buffer was the same within error as a 1 : 1 mixture of buffer and acetonitrile. 31 Assays for pH dependence were 40 µM in complex and 5 mM in BDNPP; for substrate dependence they were 40 µM in complex and 1-11.5 mM in BDNPP. pHdependence data for monoprotic events were fit to eqn (1).
The data derived from substrate dependence were fit to the Michaelis-Menten eqn (2).
Here, v 0 is the initial rate, v max is the maximum rate, K M is the Michaelis constant, and [S] is the substrate concentration.
Complex dependence was measured with a fixed substrate concentration at 5 mM and complex concentrations ranging from 20-120 µM. Background assays were conducted by measuring the autohydrolysis and hydrolysis by two equivalents of zinc(II) acetate and were subtracted from the data. For the kinetic investigation of the immobilised resin, an assay was established which allowed determination of the amount of BDNPP hydrolysed by the resins. In order to obtain initial rates, the absorbance of a solution of multicomponent buffer, acetonitrile and BDNPP was determined (T = 0), and then 0.5 mg of resin added. After 15 minutes 1 mL of the suspension was transferred to an Eppendorf tube and centrifuged for 10 seconds; the absorbance of the supernatant was measured again (T = 15) and the Abs/min calculated. For every value this was done in triplicate, however, due to swelling properties of the resin and inhomogeneous catalyst loading on the Merrifield beads the errors were larger than for the free complex.
Crystallographic measurements
Crystallographic data for the complexes were collected at 293 (2) 33 and refined (SHELXL 97) 34 by full matrix least squares methods based on F 2 . 35 These programs were accessed through the WINGX 1.70.01 crystallographic collective package. 36 All non-hydrogen atoms were refined anisotropically unless they were disordered. Hydrogen atoms were fixed geometrically and were not refined. X-ray data of the published structures were deposited with the Cambridge Crystallographic Data Centre CCDC 925903 and 925904.
Ligand syntheses
3-(Chloromethyl)-2-hydroxy-5-methylbenzaldehyde and 2-methoxy-N-(pyridin-2-ylmethyl)aminoethanol were prepared following previously published procedures. 29, 37 Merrifield resin (1% crosslinked, 3.5 mmol g −1 Cl) was obtained from Aldrich Chemical Company (microanalysis found C 80.18, H 6.64%). Synthesis of 2-(((2-methoxyethyl)( pyridin-2-ylmethyl)amino)-methyl)-4-methyl-6-((( pyridin-2-ylmethyl)amino)methyl )-phenol (CH 3 HL4). Triethylamine (2.6 mL) was added drop wise to a mixture of 3-(chloromethyl)-2-hydroxy-5-methylbenzaldehyde (1.0 g, 6.0 mmol) and 2-methoxy-N-(pyridin-2-ylmethyl)ethanamine (1.0 g, 6.0 mmol) in tetrahydrofuran (45 mL) at room temperature and the mixture stirred for 24 hours. After filtration and concentration in vacuo the residue was taken up in water (30 mL) and extracted with dichloromethane (3 × 30 mL). The combined organic extracts were dried over Na 2 SO 4 and concentrated in vacuo to yield 1.69 g (89%) of crude 2-hydroxy-3-(((2-methoxyethyl)( pyridin-2-ylmethyl)amino)methyl)-5-methylbenzaldehyde as an orange oil which was used in the next step without further purification. The 2-hydroxy-3-(((2-methoxyethyl)( pyridin-2-ylmethyl)-amino)methyl)-5-methylbenzaldehyde (1.69 g, 5.37 mmol) was dissolved in methanol (50 mL) and 2-aminomethylpyridine (0.58 g, 5.37 mmol) in methanol (25 mL) added drop wise at room temperature. The resulting mixture was stirred at 50°C for two hours, the mixture subsequently cooled to 0°C and sodium borohydride (0.72 g, 19.0 mmol) added in small portions. After heating to reflux for 3 hours the mixture was concentrated in vacuo, taken up in acidified water (100 mL, pH 2) and extracted with dichloromethane (3 × 35 mL). The combined organic extracts were washed with saturated NaHCO 3 solution (3 × 50 mL) and dried over Na 2 SO 4 . After removal of the solvent in vacuo the crude ligand (1.53 g, 70%) was purified with flash column chromatography (EtOAc until the first band was eluted, MeOH-EtOAc 9 : 1, FeCl 3 stain, R f = 0.48 in EtOAc) to yield 900 mg (41%) of the ligand as a yellow oil. 1 
. CH 3 HL4 (500 mg, 1.2 mmol) and vinylbenzyl chloride (0.174 mL, 1.1 mmol) were stirred with dry powdered potassium carbonate (0.256 g, 1.9 mmol) in acetonitrile (5 mL) at room temperature for two days. After this time the mixture was filtered and concentrated in vacuo. The crude residue was purified by flash column chromatography (EtOAc-MeOH 5 : 2) and CH 3 HL5 obtained as orange oil (yield: 38%, 0.24 g). 1 H NMR (CDCl 3 , 500. were combined in methanol (5 mL) and refluxed for 30 min. After cooling to room temperature, sodium hexafluorophosphate (48 mg, 0.29 mmol) was added, the pale yellow solution filtered and left to evaporate. After 3 days the resulting white powder was collected and dried in air (29 mg, 37%). Crystals suitable for X-ray structure analysis were obtained as follows: CH 3 HL5 (30 mg, 0.05 mmol) and zinc(II) acetate dihydrate (25 mg, 0.11 mmol) were combined in methanol (3 mL) and refluxed for 30 min, and after cooling to room temperature sodium tetraphenylborate (59 mg, 0.17 mmol) was added and the pale yellow solution filtered and left to evaporate. The white powder was taken up in acetone/isopropanol and layered with hexane which yielded colourless crystals, desiccating readily upon removal from the solvent. X-ray structure analysis was thus conducted at 150 K. (320 mg, 0.78 mmol) and potassium carbonate (250 mg) and the mixture stirred for 10 days. After this time the orange beads of the resin were dried on a sintered glass funnel (the filtrate was collected to recover any unbound ligand) and washed with water (20 mL) and methanol (20 mL 
Results and discussion
Ligand nomenclature
The nomenclature employed for these types of ligands (CH 3 H 3 L1, CH 3 HL2 and CH 3 HL3, Chart 1) has been described previously; 29 the designations L4 and L5 follow this previous nomenclature. In general, the nomenclature employed for the ligands denotes the number of labile protons upon complexation and the substituent on the para-position of the phenoxide. Hence, CH 3 HL4 and CH 3 HL5 have the same phenolate backbone with a methyl group in para position of the phenolic oxygen and have one potential site for deprotonation, the phenolic -OH; complexation as CH 3 L4 − and CH 3 L5 − implies a single deprotonation.
Ligand and complex synthesis CH 3 HL4 ligand synthesis was achieved using a protocol similar to that previously published. 38 Addition of 2-methoxy- 
Crystal structures
Both dizinc(II) complexes crystallised in the triclinic space group P1. The zinc complex with CH 3 L4 − crystallised as an asymmetric complex with one six-coordinate Zn(II) and one Zn(II) in a five-coordinate (distorted trigonal bipyramidal) environment (Fig. 1) . Two μ 2 -CH 3 COO-κ 2 O:O′ anions but no additional water or solvent molecules are bound to the complex in the solid state. The crystal structure shows the presence of two isomers, one present as a minor component in one of the two asymmetric units. In the major isomer, the pyridine nitrogens are trans (anti) to each other while in the minor isomer the pyridines are cis (syn) in respect of the phenolic oxygen. 39 The ORTEP 40 complex crystallized with one Zn(II) ion six coordinate and the other in a five coordinate environment (Fig. 1) . The vinylbenzyl group is arranged in such a way that it shields one site on the second Zn(II) ion leaving this site almost square pyramidal. Crystallographic data and selected bond lengths and angles are displayed in Tables 1 and 2 coordination sphere of the two Zn(II) ions in the complexes is displayed in Fig. 2 along with the first coordination sphere donor atoms in GpdQ. 27, 28 While the acetate ligands do not accurately mimic the bridging water molecules, the general structure, geometry and donor-atoms of GpdQ are reproduced well in the crystal structures.
Infrared spectroscopy
The (6) a Only the bond lengths and angles of the zinc complex labeled with 'a' (e.g. Zn1a) are displayed. To investigate relevant species occurring during phosphate ester hydrolysis, the mass spectra were measured in MeCN in the presence of diphenyl phosphate (DPP). The [Zn 2 (CH 3 L4)-(CH 3 COO) 2 ]PF 6 complex loses acetate ligands under mass spectral conditions and forms, even in the presence of only one equivalent DPP (Fig. S3a †) , a complex with two DPP bound (100%), illustrating the high affinity of this complex for phosphoester substrates. In addition, a small peak (∼25%) arising from complex with one DPP, one hydroxide and an acetonitrile solvent molecule is observed.
Dalton Transactions Paper
For [Zn 2 (CH 3 L5)(CH 3 COO) 2 ]PF 6 the mass spectrum in the presence of one equivalent DPP is different (Fig. S3b †) . The base peak arises from a species with one DPP, a hydroxide and MeCN; two peaks complexes arising from intact complex with two acetates (29%) or two DPP molecules (47%) bound are present. It is proposed that under the conditions of the mass spectral measurements [Zn 2 (CH 3 L4)(CH 3 COO) 2 ]PF 6 has a high affinity for diphenylphosphate (Fig. 3a) , while [Zn 2 (CH 3 L5)-(CH 3 COO) 2 ]PF 6 , due to the bulky pendant vinylbenzyl group, needs an excess of substrate to form species with one or two DPP bound. Fig. 3b illustrates how a large excess of DPP changes the species distribution for [Zn 2 (CH 3 L5)(CH 3 COO) 2 ]-PF 6 , the main species now being [Zn 2 (CH 3 L5)(DPP) 2 ] + . These experiments demonstrate that the complexes can bind one or two phosphate substrate molecules readily and show that the acetates are not inhibiting substrate binding.
NMR spectroscopy
NMR spectra were recorded for both complexes in a range of solvents. Fig. S4 and S5 † show a comparison between the free CH 3 HL4 ligand and its zinc(II) complex. A low intensity structure, not stemming from free ligand, is present (marked with *). It is possible that these resonances represent either the minor isomer observed in the X-ray crystal structure, or are due to the ether arm not coordinated; a combination of both is possible. The aliphatic region is shown in Fig. S5 † and demonstrates how the protons of the CH 2 -groups in the free ligand become inequivalent upon zinc binding, in accordance with the lack of a C 2 -symmetry axis or other symmetric features in the complex. The ratio of low intensity isomer (* in Fig. S4 †) to the major isomer depended strongly on the water content in the mixture.
In an experiment where aliquots of D 2 O were titrated into a solution of the complex in CD 3 CN, the proportion of the low intensity species first reduced and then another set of low intensity resonances appeared at higher field (Fig. S6 †) , highlighting the importance of the medium on species formation and distribution.
To monitor how well CH 3 HL5 would assemble a catalytically competent dinuclear Zn(II) centre a 1 H-NMR titration experiment was conducted. Fig. S7 † shows the spectral changes after successive addition of one and two equivalents of zinc(II) acetate to a solution of CH 3 HL5 in CD 3 CN. After each addition the solvent in the NMR tube was brought to reflux for 5 minutes prior to spectra recording. shows multiple phosphate ester species but no resonance from free DPP (expected ∼−12 ppm) in accordance with the electrospray mass spectra experiments which showed high affinity for this substrate (Fig. S8a †) . In accordance with the mass spectrum of complex having one or two species bound, the different signals observed in the 31 P-spectrum are assigned to a mix of species with one DPP monodentately or bidentately bound (−8.0 and −8.3 ppm), and two DPP molecules also mono-or bidentately bound (−9.1 and −9.5 ppm). Addition of a second equivalent of DPP leads to an increase in intensity of the two resonances at −9.5 and −9.1 ppm (Fig. S8b †) , supporting the proposal of two DPP bound to the zinc complex in either a either mono-or bidentate fashion. Further addition of DPP gives rise to a signal at −12.2 ppm attributed to free DPP (Fig. S8c †) 42 One of the two sets of resonances attributed to the vinyl proton loses intensity upon the addition of one or two DPP molecules to the NMR mixture ( Fig. S9c-e †) . Given the bulky nature of the vinyl benzyl moiety these results support the notion that in solution the vinyl benzyl group exists in two conformations one directed towards the Zn(II) centre and one pointing in the opposite direction, the latter not being influenced by substrate binding. Moreover, the vinyl benzyl group displays, after the addition of five equivalents DPP (Fig. S9e †) , 1 H-chemical shifts similar to those found in the spectrum of the free ligand (Fig. S9a †) . This implies that the vinyl benzyl group points away (and is not further influenced) from the zinc(II) ions when substrate is bound. When comparing the 13 + complex in the presence of one equivalent DPP shows one broad resonance. This resonance possibly arises from multiple species such as monodentately and bidentately bridged ones, as well as free DPP in the mixture (see Gaussian deconvolution in Fig. S10a †) . Upon addition of a further equivalent of DPP to the mixture the resonance arising from free DPP becomes more clearly resolved (Fig. S10b †) . This resonance becomes the major species upon addition of excess DPP (see spectrum c in Fig. S10 †) . It should be noted that initially all NMR-titration experiments were conducted in the same solvent mixture as used for the kinetic studies (1 : 1 water-acetonitrile), however, the spectra were in general noisier than in pure acetonitrile which is attributed to the poor solubility of the ligands in the water-acetonitrile mixture. An example titration of zinc acetate and subsequently diphenyl phosphate to the ligand CH 3 HL5 in D 2 O-CD 3 CN, is included in the ESI (Fig. S11 †) . clearly shows the appearance of the two asymmetric and symmetric acetate stretches (marked with *) when compared to the spectrum of unsubstituted MR. Broad absorption bands at 3300 cm −1 indicate the presence of OH moieties probably in the form of Zn(II) bound water or methanol. IR bands assigned to symmetric and asymmetric acetate vibrations were not observed when unsubstituted resin was treated with zinc acetate. The XPS of commercially available MR showed, in addition to the expected peaks from carbon and oxygen, the presence of tin oxide; ‡ for M-CH 3 HL4 peaks attributed to Si 2p electrons were attributed to silicone oil contamination. 44 The XPS of the MR resin treated with Zn(OAc) 2 showed only a small amount of zinc (Fig. S13 †) and no indication of the presence of nitrogen. The XPS spectra of M-CH 3 HL4 showed nitrogen peaks in addition to the peaks from MR ( Fig. S13 and S14 †). The XPS spectra of M-[Zn 2 (CH 3 L4)(CH 3 COO) 2 ] + showed the two peaks typical of Zn 2p electrons (Fig. 4) , confirming the uptake of zinc ions. Only one type of nitrogen is resolved, its binding energy typical for tertiary nitrogen ( pyridine, tertiary amine). 45, 46 A small peak for chlorine (Cl 2p) was found in all spectra (not labelled) and a detailed analysis suggested the presence of both ionic chloride and carbon-bound chloride (Fig. 4) . Based on microanalytical data for M-CH 3 HL4 and comparison with data for the commercially available resin a catalyst loading of 1.45 mmol g −1 was determined.
Phosphoesterase Activity
The pH dependence of BDNPP hydrolysis was measured from pH 4.75-10 (Fig. 5a) 29, 48 The dependence of BDNPP concentration on the rate of hydrolysis for both complexes (conducted at optimal pH 7.66) followed Michaelis-Menten kinetics (Fig. 5b) (Fig. 6a) . The data were consistent with the presence of one protonation equilibrium ( pK a = 7.61 ± 0.71) and were thus fit to an equation derived for a monoprotic system. Above pH 8 the resin leached zinc as was apparent by the presence of a fine white precipitate. 47 Due to the resulting irreproducibility the data above pH 
Conclusion
The 6 with the vinyl benzyl arm can be described as the 'monomer' of the immobilised complex. Moreover, the results presented herein suggest that incorporation of these types of complexes onto an insoluble supports, in this case Merrifield resin, results in a system exhibiting phosphoesterase activity. The challenge now is two-fold, (i) to enhance the activity of the biomimetic complexes towards environmentally relevant (organophosphate pesticide) substrates, and (ii) to pursue the immobilisation of active and robust metallohydrolases biomimetics for potential application in bioremediation of environments contaminated with phosphate ester pesticides.
